In the last decade, lead zirconate titanate oxide (PZT) thin-film actuators have received increasing attention because of their high frequency bandwidth, large actuation strength, fast response, and small size. The PZT film thickness is usually less than several microns as opposed to hundreds of microns for bulk PZT patches that are commercially available. As a result, PZT thin-film actuators pose unique vibration issues that do not appear in actuators with bulk PZT. Two major issues affecting actuator performance are the frequency bandwidth and the resonance amplitude. As an electromechanical device, a PZT thin-film actuator's bandwidth and resonance amplitude depend not only on the lowest natural frequency ω n of the actuator's mechanical structure but also on the corner frequency ω c of the actuator's RC-circuit. For PZT thin-film actuators, the small film thickness implies large film capacitance C and small ω c . When the size of the actuator decreases, ω n increases dramatically. As a result, improper design of PZT thin-film actuators could lead to ω c ω n substantially reducing the actuator bandwidth and the resonance amplitude. This paper is to demonstrate this phenomenon through theoretical analyses and calibrated experiments. In the theoretical analyses, frequency response functions of a PZT thin-film actuator are obtained to predict 3 dB actuator bandwidth and resonance amplitude for cases when ω c ω n , ω c ≈ ω n and ω c ω n . In the experiments, frequency response functions of a fixed-fixed silicon beam with a 1 m thick PZT film are measured through use of a laser Doppler vibrometer and a spectrum analyzer. The silicon beam has multiple electrodes with a wide range of resistance R and corner frequency ω c . The experimental results confirm that the actuator bandwidth and resonance amplitude are substantially reduced when ω c ω n .
Introduction
Lead zirconate titanate oxide (PbZr 1−x Ti x O 3 or PZT) thin-film actuators have received increasing attention in the last decade because of their wide applications, such as atomic force microscopes (AFM) [1, 2] , ultrasonic micromotors [3] [4] [5] [6] , one-or two-dimensional scanners [7] [8] [9] , microswitches [10] , resonators [11, 12] , and dual-stage actuators/sliders for next-generation computer hard disk drives [13] [14] [15] . Compared with traditional MEMS-based microactuators, PZT thin-film actuators have higher frequency bandwidth, larger actuation strength, and faster response. According to [16] , there are four types of microactuators: thermal, shape-memory-alloy (SMA), electrostatic, and piezoelectric (specifically PZT). Thermal and SMA actuators have low frequency bandwidth [16] (<1 kHz), whereas electrostatic and PZT actuators have high frequency bandwidth (>1 kHz). Moreover, electrostatic actuators have much smaller actuation force and energy density than PZT films (3.4 × 10 3 J/m 3 for electrostatic actuators versus 1.2 × 10 5 J/m 3 for PZT [16] ).
Functionally, PZT thin-film actuators can be classified as broadband actuators and single-frequency actuators. Fig. 1 shows a frequency response function (FRF) explaining the differences of these two types of actuators. Broadband actuators operate over a wide range of frequency, in which the frequency response function is approximately constant. In this frequency range, the actuator output motion is proportional to the input voltage without significant distortion. The bandwidth of the actuator is often defined as the frequency range in which the FRF has less than 3-dB variation to minimize possible input-output distortion. Applications of broadband actuators include AFM and microswitches for example. In this case, maximizing the bandwidth is a major design consideration because it determines how fast the tip of AFM can tap and how fast a microswitch can open and close. In contrast, single-frequency actuators operate at a single frequency, usually at a natural frequency of the actuator's mechanical structure. Example applications include resonators and scanners. In these applications, the resonance amplitude is very critical. Large resonance amplitude, for example, implies that a scanner can have a large scanning angle.
Since PZT thin-film actuators are electromechanical devices, the actuators' performance indexes, such as bandwidth and resonance amplitude, depend not only on the actuators' mechanical structures but also on actuators' circuit design. Mechanically, the structure is a spring-mass-damper system characterized by the lowest natural frequency ω n . Electrically, the circuit forms a low-pass RC filter characterized by its corner frequency ω c . For actuators employing bulk PZT, ω c is often a couple of orders higher than ω n . Therefore, the actuator bandwidth and resonance amplitude are primarily dominated by the mechanical resonance frequency ω n and the system's damping, respectively.
For PZT thin-film actuators, however, ω c could be a couple of orders-of-magnitude less than ω n due to the tiny thickness of PZT films. Traditional bulk PZT often appears as thin patches with thickness no less than 80 m. In contrast, thickness of PZT thin films can vary quite substantially depending on their fabrication methods. PZT films derived from sol-gel processes -a common fabrication method for PZT filmsusually have thickness less than 1 m. As a result, the capacitance C of PZT thin films is significantly larger than that of bulk PZT on a per area basis, and the corner frequency ω c of PZT thin-film actuators is reduced dramatically. As the size of PZT thin-film actuators decreases, ω n increases significantly. Therefore, improper design of PZT thin-film actuators could lead to ω c ω n substantially reducing the actuator bandwidth and resonance amplitude. These negative effects of the corner frequency ω c on bandwidth and resonance amplitude, however, have not been properly addressed in the literature of PZT thin-film actuators thus far [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
The purpose of this paper is to demonstrate the negative effects of the corner frequency ω c on bandwidth and resonance amplitude through theoretical analysis and calibrated experiments. For the rest of the paper, we will first explain two competing frequencies ω c and ω n . A Matlab simulation shows how relative magnitude of ω c and ω n would affect the overall frequency response function, the actuator bandwidth, and the resonance amplitude. Then we demonstrate the negative effects of low ω c by conducting an experiment on a matrix of fixed-fixed silicon beams with PZT thin films that offer a wide range of ω c and ω n . A laser Doppler vibrometer and a spectrum analyzer measure frequency response functions to determine the actuator bandwidth.
Theoretical analysis
Exact modeling of piezoelectric actuators is in fact a very difficult task. In traditional filter applications, piezoelectric actuators serve as resonators vibrating in resonance. When a piezoelectric actuator is close to its resonance, significant electromechanical coupling appears. As a result, electrical response of the piezoelectric actuator can be modeled through an equivalent RLC circuit in parallel with the capacitance of the piezoelectric actuator, where the equivalent RLC circuit approximates the inertia, stiffness, and damping effects of the piezoelectric actuator near the resonance [17, 18] . This approach, however, does not apply to the current analysis of bandwidth when ω c ω n , because the resonance condition is not maintained. When the piezoelectric actuator is off resonance, the electromechanical coupling can be simply approximated as a sequence of two block diagrams as shown in Fig. 2 . The block diagrams consist of an electrical model cascaded with a mechanical model. They are explained in detailed as follows.
For the electrical model, it is a simple RC-circuit. The circuit of the PZT thin-film actuator consists of a resistor and a capacitor in serial combination. The resistor with resistance R simulates the resistance of the actuator circuit, and the capacitor with capacitance C models the dielectric property of the PZT film. In addition, an input voltage v i (t) drives the PZT thin-film actuator circuit. Because of the presence of the resistance R and capacitance C, the actual voltage v c (t) physically driving the PZT film will not be equal to the input voltage v i (t). When the driving voltage is sinusoidal, i.e., v i (t) = V i (ω)e jωt and v c (t) = V c (ω)e jωt , the output and input voltages are related through the electric frequency response function H e (ω)
with magnitude where ω c ≡ 1/RC is the corner frequency (also known as the cut-off frequency in filter or circuit design). There are several issues worth noting for the electrical model. First, the RC-circuit forms a low-pass filter whose frequency response function is shown in Fig. 2 . In other words, V c (ω) ≈ V i (ω) for ω ω c and ω c is the 3 dB point defining the bandwidth of the RC-circuit. Second, the small thickness of PZT film substantially reduces the corner frequency ω c . Since PZT thin film is dielectric, the capacitance C can be estimated through C = εA/d, where ε, d, and A are the dielectric constant, thickness, and area of the PZT film, respectively. Now let us consider two PZT films with the same film area A and same dielectric constant ε but different thickness d. The one with smaller film thickness will have larger capacitance. If the two PZT thin films have the same external circuit, the PZT film with smaller thickness will have a smaller corner frequency and hence a smaller electrical bandwidth. Third, the electrical circuit of PZT thin-film actuators tends to have larger resistance R than that of actuators with bulk PZT. The major resistance of the circuit results from thin conductive wires. For PZT thin-film actuators, these conductive wires appear in the form of printed metal layers with thickness less than 1 m. For bulk PZT actuators, their lead wires are at least one-order-of-magnitude larger in every dimension than those of PZT thin-film actuators. As a result, the thin conductive wires with PZT thin-film actuators have much higher resistance because R = l/Aσ, where l, A, and σ are the length, the cross-sectional area, and the conductivity of the conductive wires, respectively. Since the resistance R is higher, PZT thin-film actuators have smaller corner frequency and the electrical frequency bandwidth.
For the mechanical model, the PZT thin-film actuator is often modeled as a vibrating mechanical structure driven by a PZT film with input voltage v c (t). The input voltage v c (t) deforms the PZT film mechanically. The deformation of the PZT film then drives the mechanical structure resulting in deflection x(t) There are several issues worth noting.
First, the mechanical structure, in many occasions, can be modeled as a simple one-degree-of freedom system shown in Fig. 2 . When the system is under sinusoidal excitations, i.e., v c (t) = V c (ω)e jωt and x(t) = X(ω)e jωt , the resulting mechanical frequency response function will take the form
where X 0 is the static gain of H m (ω) and ς is the viscous damping factor. Moreover, ω n dominates the mechanical bandwidth of the actuator, as revealed from |H m (ω)| shown in Fig. 2 . Furthermore, the resonance amplitude is
Although realistic mechanical structures have many natural frequencies, the lowest natural frequency ω n is often the most critical frequency in defining the mechanical band-width.Second, natural frequency ω n increases dramatically when the size of the mechanical structure decreases. Theoretically, ω 2 n is the ratio between the restoring force and the inertia force when a mechanical system undergoes free sinusoidal oscillations. If the mechanical structure is reduced in size, the inertia force diminishes much faster than the restoring force. As a result, microactuators usually have significantly higher ω n than bulk actuators. For example, let us consider a cantilever beam with a rectangular cross section. The cantilever has length l, width b, height h, Young's modulus E, and mass density ρ. The lowest natural frequency is
When the cantilever reduces its size in all dimensions, l 2 decreases faster than h. As a result, the natural frequency increases as the size of the cantilever decreases. According to the block diagram in Fig. 2 , the bandwidth and resonance amplitude of a piezoelectric actuator is indeed determined by the minimum of ω n and ω c . For actuators with bulk PZT, it is often that ω c ω n . In this case, the design of actuator's mechanical structure is more critical than that of the electrical circuit. For PZT thin-film actuators, ω c can be in the same order-of-magnitude or even substantially less than ω n . In this case, the electric circuit needs to be redesigned in order not to sacrifice the actuator bandwidth and the resonance amplitude.
To demonstrate this phenomenon, Fig. 3 compares the magnitude of the composite frequency response function H e (ω)H m (ω) for ω c ω n and ω c ω n . The thick solid line is frequency response for ω c = 398 kHz and ω n = 40 kHz (i.e., ω c ω n ). In this case, the 3 dB bandwidth is 21.5 kHz and the bandwidth is primarily controlled by ω n . Also, the resonance amplitude is 2 × 10 −10 m/V. The thin solid line is frequency response for ω c = 8.29 kHz and ω n = 40 kHz (i.e., ω c ω n ). In this case, the magnitude starts to decrease at a much lower frequency, and the 3 dB bandwidth is 9 kHz. The bandwidth is primarily controlled by ω c . Moreover, the resonance amplitude is reduced to 3 × 10 −11 m/V-almost an order-of-magnitude reduction.
Experimental demonstration
Fabrication of the specimen follows an improved sol-gel process [19] shown in Fig. 4 . The silicon substrate is first oxidized in a furnace at 1045 • C for 2 h to grow a SiO 2 layer of 500 nm thick. Then a silicon nitride layer of 200 nm thick is deposited by PECVD (plasma enhanced chemical vapor deposition). The bottom electrode consists of Pt/Ti layers with thickness of 100 and 50 nm, respectively. The PZT film is dip-coated three times. For the first two coatings, the sintering temperature is 650 • C for 15 min. For the third coating, the sol is diluted 50% by acetic acid and sintering temperature is 450 • C for 10 min. The philosophy is to use the rapid thermal annealing for the first two coatings to reduce thermal stresses. For the third coating, we used diluted sol to seal possible cracks formed in the previous coatings. Finally, the top electrode consists of Au/Cr layers through evaporation. The thickness of the Au and Cr layers is 50 and 20 nm, respectively. As shown in Fig. 5 the top electrode consists of a square effective electrode, a long connecting electrode, and a rectangular soldering area. The effective electrode is the area where major actuation takes place, and it has dimensions of 4 mm × 4 mm. The connecting electrode has length After the PZT thin film is fabricated, the silicon wafer is diced into rectangular specimen with dimensions 30 mm × 7.5 mm × 0.4 mm. The specimen is anchored at both ends via double stick tapes to simulate fixed-fixed boundary conditions. The span (i.e., distance between the anchors) d can vary from one specimen to another to adjust the lowest natural frequency ω n of the specimen. Table 1 shows the test matrix. There are two parameters in the text matrix: span d and the electrode resistance R.
For span d, the test set up adopts two different spans: 6 and 15 mm. Based on these configurations, a finite element model is created to predict the lowest natural frequency ω n and the corresponding mode shape, so that the spot with the largest vibration amplitude can be identified. Note that the span of the specimens is in the same order-of-magnitude with the specimens' width (e.g., 6 mm vs. 7.5 mm). With such aspect ratios, the specimens vibrate more like a plate. Exact solutions based on Euler-Bernoulli beam theory with fixed-fixed boundary conditions can deviate substantially from the experimental results. Therefore, a finite element analysis is preferred over the exact solutions.
The finite element model consists of two portions: the silicon substrate and the anchor. The silicon substrate has thickness of 406 m. The anchor in the form of double stick tape has a thickness of 100 m. Table 2 lists the Young's modulus, density, and Poisson's ratio of the silicon substrate and the anchor assumed in the finite element analysis. The PZT thin film is neglected in the finite element model because of its small thickness.
A convergence test is also conducted on the finite element model. The area of the beam span is model by a set of N × N meshes, where N is the number of element across the beam Table 2 Material properties used in the finite element analysis span and also across the beam width. Fig. 6 shows how the lowest natural frequency varies with respect to the number of elements used in the beam span area, when the span is 6 and 15 mm, respectively. As the number of the element increases to 64, the natural frequency very much converges to a constant. The finite element analysis shows that the specimen with the 6 mm span results in ω n = 50.92 kHz. Fig. 7 shows the corresponding mode shape. Note that the flat regions in Fig. 7 are areas attached to the aluminum anchors. The finite element result indicates that the largest vibration occurs at the free edge of the specimen roughly at the mid-span. This result confirms that the specimen vibrates more like a plate than a fixed-fixed beam. The specimen with the 15 mm span results in ω n = 12.32 kHz. Fig. 8 shows the corresponding mode shape. Again, the flat regions are attached to the aluminum anchors. The mode shape indicates that the largest vibration occurs uniformly at the mid-span of the specimen.
For electrode resistance R, the test setup adopts two different resistance levels: high resistance 480 and low resistance 0.3 . For the high resistance, the lead wire is soldered to the soldering pad in Fig. 5 . The resulting corner frequency is ω c = 8.289 kHz. For the low resistance, the lead wire is soldered directly onto the effective electrode shown in Fig. 5 . The resulting corner frequency is ω c = 1.326 MHz. Note that the case with high resistance and short span will lead to ω c ω n . Fig. 9 shows the experimental set up to measure the frequency response functions of the specimen. A spectrum analyzer generates a swept-sine signal to drive the PZT film through an amplifier. The swept-sine sweeps from 1 to 100 kHz. In the meantime, a laser Doppler vibrometer measures the vibration of the specimen at the point of largest vibration. Both the swept-sine signal and the vibrometer measurement are fed back to the spectrum analyzer to calculate the frequency response function. Table 1 , ω c ω n ; therefore, the FRF starts with a constant magnitude and is followed by a resonance peak at ω n . The 3 dB bandwidth is roughly 6.88 kHz. In contrast, the thin solid line in Fig. 10 represents the FRF corresponding to the specimen with high resistance. For the high-resistance case, ω c is slightly smaller than ω n . As a result, the FRF starts with a constant magnitude at low frequency, but the magnitude gradually decreases as the driving frequency increases. The 3 dB bandwidth remains roughly the same even the corner frequency ω c is reduced. The resonance amplitude, however, shows appreciable reduction. Fig. 11 compares the FRF when the span d is 6 mm. In Fig. 11 , the thick solid line represents the FRF from the low resistance. According to Table 1 , ω c ω n ; therefore, the FRF starts with a constant magnitude and is followed by a resonance peak at ω n . The 3 dB bandwidth is roughly 23.716 kHz. In contrast, the thin solid line in Fig. 11 represents the FRF corresponding to the specimen with high resistance. According to Table 1 , ω c ω n . As a result, the FRF starts with a constant magnitude at low frequency, but the magnitude rapidly decreases as the driving frequency increases. The 3 dB bandwidth is roughly 9.548 kHz. In other words, the bandwidth has reduced by 59.74% as a result of the high electrical resistance. Moreover, the resonance amplitude has a reduction of one order of magnitude. Figs. 10 and 11 show that the Fig. 11 . Frequency response functions for specimen with span d = 6 mm. minimum of ω c and ω n govern the bandwidth and resonance amplitude of the PZT thin-film actuators.
Conclusions
Frequency response of PZT thin-film actuators primarily depends on two frequency parameters ω n and ω c , where ω n is the lowest natural frequency of the actuator's mechanical structure and ω c is the corner frequency of the electric RC-circuit of the actuator. The bandwidth of PZT thin-film actuators is limited by the smaller value of ω n and ω c . The resonance amplitude will be reduced when ω c is less than ω n . The amount of reduction depends on the difference in ω c and ω n .
